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EXECUTIVE  SUMMARY 


This  report  is  a  consolidation  of  results  from  material 
damage  studies  reported  in  six  theses  conducted  by  students 
at  the  Naval  Postgraduate  School  [Refs:  1  through  6].  The 
experiments  were  carried  out  between  March  1999  and  March 
2000,  at  the  Department  of  Energy's  Thomas  Jefferson 
National  Accelerator  Facility  (TJNAF)  in  Newport  News, 
Virginia.  TJNAF  has  developed  a  1.7  kW  Free  Electron  Laser 
(FEL) ,  with  plans  to  increase  the  power  to  tens  of  kilowatts 
in  the  near  term,  and  hundreds  to  thousands  of  kilowatts  in 
the  far  term. 

The  primary  purpose  of  these  studies  was  to  investigate 
the  material  damage  effects  caused  by  a  Free  Electron  Laser 
(FEL) .  The  materials  used  in  the  experiments  included 
aluminum,  as  well  as  five  different  types  of  materials  used 
in  missile  radomes . 

One  aspect  to  be  explored  was  the  potential  effect  on 
various  materials  resulting  from  the  very  short  radiation 
pulses  and  high  pulse  repetition  rate  of  the  TJNAF  FEL. 
Previous  studies  have  shown  that  for  high  energy  short 
pulses,  additional  damage  (beyond  the  thermal  damage)  can 
result  if  the  fluence  per  pulse  is  high  enough. 

Scaling  laws  for  the  lasers  effect  on  the  various 
missile  radome  materials  was  sought  in  order  to  allow  the 
results  from  small  scale  experiments  to  be  extrapolated  to 
full  size  material  damage  results. 
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The  studies  indicate  that  consistent  damage  predictions 
can  be  made  for  low  power  lasers  on  small  scale  targets, 
provided  the  laser  spot  size  is  larger  than  the  thermal 
diffusion  length.  The  thermal  diffusion  length  is  a 
parameter  of  the  material  being  irradiated,  and  indicates 
just  how  fast  heat  conducts  away  from  the  irradiated  spot 
into  the  surrounding  material.  If  the  heat  conduction  is 
fast,  the  thermal  diffusion  length  is  large,  and  the  laser 
spot  size  must  be  large  enough  to  raise  the  material  to  the 
melting  temperature  before  the  heat  diffuses  away.  The 
thermal  diffusion  requirement  is  necessary  to  ensure  that 
small  scale  results  mimic  real  world  results  where  the  laser 
spots  would  far  greater  than  almost  any  materials  thermal 
diffusion  length. 

The  experiments  included  airflow  across  the  targets  to 
simulate  the  effect  of  airflow  across  the  missile  nose  cone. 
The  studies  seem  to  indicate  that  the  airflow  does  two 
things.  First,  it  helps  to  remove  smoke,  debris,  and 
sometimes  melted  material  from  the  area  of  the  laser  spot. 
However,  it  can  also  cool  the  spot,  resulting  in  a  longer 
burn  through  time  for  some  of  the  materials  tested. 

Another  important  result  obtained  in  these  experiments 
concerns  the  change  in  thermal  diffusion  length  that  can 
accompany  a  change  in  state  of  the  material.  One  of  the 
materials  had  a  small  thermal  diffusion  length  in  its 
original  solid  state,  but  once  it  melted,  the  thermal 
diffusion  length  appeared  to  grow  dramatically.  The  heat 
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was  carried  away  before  it  could  further  damage  the  target. 
This  result  indicates  how  important  it  is  for  the  energy  to 
be  delivered  to  the  target  on  a  large  enough  spot  size  and 
at  a  high  enough  intensity  to  avoid  thermal  diffusion. 

A  third  observation  was  with  the  higher  fluence  short 
pulses  generated  by  the  lower  pulse  repetition  rate 
experiments.  These  higher  fluence  pulses  may  have  enough 
energy  to  cause  immediate  vaporization  (ablation)  of  the 
material  being  irradiated.  When  this  happens  the  material 
is  immediately  removed  and  thermal  diffusion  cannot  take 
place  leading  to  a  faster  burn  through  rate.  However,  the 
pulses  used  in  these  experiments  were  very  close  to  the 
ablation  threshold,  so  that  the  benefits  of  the  higher 
fluence  short  pulses  was  marginal . 

Finally,  the  experiments  validated  estimates  for 
predicting  the  amount  of  energy  needed  to  destroy  a  target. 
These  predictions  do  not  include  thermal  diffusion,  and 
proved  to  be  more  accurate  at  higher  intensity  levels  where 
thermal  diffusion'  is  not  as  important. 
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I. 


INTRODUCTION 


There  is  no  longer  another  navy  in  the  world  to  pose  a 
threat  for  the  U.S.  Navy  on  the  high  seas.  The  primary 
focus  of  concern  has  shifted  to  the  littorals  with  emphasis 
on  power  projection  ashore  from  the  sea,  and  support  of  the 
land  forces.  This  new  operating  environment  has  revealed 
several  new  vulnerabilities  of  U.S.  Naval  forces.  These 
vulnerabilities  were  not  anticipated  when  current  ship's 
systems  were  being  designed  and  built.  One  of  the  primary 
vulnerabilities  of  U.S.  Navy  ships  is  attack  by  high-speed 
anti-ship  missiles,  and  operating  in  the  littoral 
environment  exacerbates  this  vulnerability. 

A.  LASER  WEAPONS 

One  promising  solution  to  reduce  this  vulnerability  is 
to  use  a  high-energy  laser  with  a  beam  focused  on  the 
incoming  missile  to  destroy  it  at  long  range.  Such  a  laser 
would  have  to  emit  enormous  power,  but  be  small  enough  to 
fit  on  a  ship.  It  would  also  be  required  to  operate  at  a 
wavelength  that  propagates  well  through  the  atmosphere 
ensuring  that  range  does  not  suffer,  and  be  required  to 
operate  without  producing  dangerous  byproducts  that  cannot 
be  disposed  of  at  sea. 

The  free  electron  laser  (FEL)  is  a  laser  that  appears 
to  have  the  potential  to  satisfy  these  requirements.  The 
FEL,  which  can  be  designed  to  operate  over  a  wide  range  of 
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wavelengths,  is  the  only  laser  capable  of  adapting  to 
changing  environmental  conditions. 

It  has  been  demonstrated  that  the  FEL  can  be  tuned 
over  a  range  of  wavelengths  up  to  about  a  factor  of  ten. 
Other  lasers  such  as  chemical  lasers,  gas  discharge  lasers, 
and  excimer  lasers,  are  confined  to  a  specific  wavelength  by 
their  generation  mechanism. 

This  report  describes  material  damage  experiments 
conducted  at  the  Thomas  Jefferson  National  Accelerator 
Facility  (TJNAF)  using  an  FEL.  It  consolidates  results  from 
material  damage  studies  and  contains  the  work  reported  in 
six  thesis  conducted  by  students  at  the  Naval  Postgraduate 
School  [Refs:  1  through  6].  They  are  the  first  experimental 
tests  that  study  the  damage  on  materials  of  interest  to 
directed  energy,  from  a  short-pulsed  laser  at  a  high 
repetition  rate  with  a  few  hundred  watts  of  average  power. 
One  of  the  primary  purposes  of  these  experiments  was  to 
develop  scaling  rules  that  verify  the  conditions  where 
small-scale  damage  experiments  can  represent  the  damage  from 
a  large,  MW- class  weapon. 
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II.  LASER  MATTER  INTERACTION  THEORY  AND  PREDICTIONS 


The  interaction  between  high-power  lasers  and  matter  is 
a  complicated  issue.  The  laser  beam  has  the  unique  ability 
to  deliver  very  high  power  per  unit  area.  When  high  power 
laser  radiation  falls  on  a  target,  the  part  of  the  beam  that 
is  absorbed  begins  to  heat  the  target  surface  very  rapidly 
to  its  melting  temperature.  This  melting  process  then 
penetrates  progressively  into  the  material.  Many  physical 
processes  govern  the  damage  caused  to  the  material  by  the 
laser  power  including  power  absorption,  power  reflection, 
heat  conduction,  and  heat  diffusion.  Furthermore,  a  large 
number  of  parameters  play  a  major  role  in  these  processes 
such  as  material  density  and  heat  capacity,  as  well  as  the 
irradiation  wavelength,  power  density,  peak  power,  and  pulse 
characteristics . 

A  good  knowledge  of  these  mechanisms  helps  one 
understand  the  capabilities  and  limitations  of  the  laser 
beam,  allowing  complete  control  of  the  damage  caused  by  the 
laser.  Controlled  damage  has  many  industrial  applications 
such  as  the  creation  of  thin  coatings,  electronic  component 
fabrication,  very  precise  drilling,  cutting,  etc. 

However,  when  using  a  high  power  laser  beam  as  a  weapon 
to  shoot  down  incoming  missiles,  precision  and  symmetry  of 
the  damage  induced  are  not  the  issues .  The  goal  for  a  laser 
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weapon  is  to  cause  the  maximum  possible  damage  as  quickly  as 
possible  with  the  power  available. 

A.  REQUIRED  POWER  TO  DESTROY  TARGET 

In  addition  to  determining  scaling  rules,  a  second 
major  reason  behind  the  experiments  discussed  in  this  report 
was  to  determine  just  how  much  power  from  a  short-pulse  FEL 
is  needed  to  destroy  a  missile  in  the  few  seconds  allowed 
for  engagement . 

One  estimate  can  be  made  by  assuming  that  the  laser 
burns  through  the  material  by  breaking  the  cohesive  bonds  of 
individual  atoms ,  and  removing  them  one  at  a  time .  In 
actuality  the  matter  would  most  likely  disintegrate  in 
segments  of  atoms  rather  than  one  atom  at  a  time,  thus 
reducing  the  number  of  bonds  that  actually  have  to  be 
broken.  However,  some  power  may  be  wasted  in  heating  atoms 
beyond  the  temperature  needed  to  remove  them. 

One  of  the  materials  irradiated  during  the  experiments 
was  aluminum.  The  binding  energy  of  aluminum  is 
approximately  3.5  eV/atom  [Ref.  7.  pg.  74].  If  the  casing 
is  assumed  to  be  made  of  3  layers  of  material,  each  about  1 
cm  thick,  and  the  laser  spot  size  on  the  target  is  100  cm2, 
the  volume  of  material  to  be  removed  is  approximately  3  00 
cm3.  The  atomic  spacing  for  aluminum  is  approximately  2.5 
angstroms  [Ref.  7.  Pg.  98],  or  2 . 5  x  10"8  cm.  This  estimates 
the  total  number  of  atoms  to  be  removed  as 


4 


300cm3 

(2.5  *  10"8cm)3 


2  *  1025  atoms  . 


The  total  energy  required  is  therefore 


(1.) 


E 


O 


(2  *  1025atoms)  (3 .4eV  /  atom)  (l  .6  *  10  19  J  /  ev) 

( 2  •  ) 

~  10  MJ 


To  deliver  10  MJ  of  energy  in  3  to  4  seconds  requires 
approximately  3  MW  at  the  target,  assuming  all  the  energy  is 
absorbed.  Three  MW  divided  over  100  cm2  gives  a  required 
intensity  of  <P=30  kW/cm2.  The  actual  required  intensity 
level  would  be  determined  by  the  amount  of  reflected  energy. 
Assuming  a  50%  loss  to  reflection  puts  the  required 
intensity  level  at  0—60  kW/cm2. 

A  second  method  to  estimate  the  required  intensity  is 
to  determine  the  amount  of  energy  needed  to  bring  the 
material  to  vaporization  temperature.  Assuming  that  the 
energy  is  delivered  at  a  rate  much  greater  than  the  heat 
loss  through  diffusion,  the  required  energy  can  be 
determined  from  [REF.  8.  pg  167]  . 

E0  =  pa  (c[Tn  -  tJ  +  AHm  +  c[tv  -  tJ  +  AHv)  (3  .  ) 

where  Eo  is  the  required  flux  density,  p=  density,  d  = 
thickness  of  material  to  be  burned  through,  C  =  Specific 
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Heat,  Tm  =  melting  temperature,  To  =  ambient  temperature,  Tv 
=  vaporization  temperature,  AHm  =  latent  heat  of  melting, 
and  AHv  =  latent  heat  of  vaporization. 

For  aluminum  the  specific  values  are:  p=2700  kg/m3  , 
d  =  3  cm,  C  =  896  J/kg-K,  Tm  =  855  K,  To  =  300  K,  Tv  =2750  K, 
AHm  =  4  *  105  J/kg,  and  AHv  =  10.8  *  106  J/kg.  Using  these 
values  in  equation  (3.)  gives  a  required  energy  of 

E0  =  1  GJ  /  m2  (4. ) 
or 


E0  =  105J  /  cm2  .  (5.  ) 

This  much  energy  delivered  over  a  3  second  engagement 
requires  an  intensity  approximately  &=3b  kW/cm2,  for  a 
total  beam  power  of  approximately  3.5  MW  to  place  a  100  cm2 
spot  on  the  target.  This  is  consistent  with  the  3  MW 
requirement  developed  using  the  first  approximation  method. 

A  second  material  irradiated  during  the  experiments  is 
Slip-Cast  Fused  Silica,  a  furnace  tile  like  material.  The 
specific  parameters  for  this  material  are  p=  2200  kg/m3,  d  = 
9  mm,  C  =  920  J/kg-K,  Tm  =  1980  K,  T0  =  300  K,  Tv  =  2200  K, 
AHn  =  1.5  x  106  J/kg,  AHv  =  2.2  x  106  J/kg.  Using  these 
numbers  in  equation  (3.)  shows  that  11  kJ/cm2,  or  about  3 
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kW/cm2  over  a  3  to  4  second  irradiation  should  be  enough 
energy  to  burn  through  the  material.  This  is  nine  times 
smaller  than  that  derived  for  aluminum  because  the  thickness 
of  the  Slip-Cast  Fused  Silica  used  here  was  1/3  of  the 
thickness  of  the  aluminum  used  in  the  example.  Using  the 
same  3cm  thickness  for  Slip-Cast  Fused  Silica  gives  a  total 
required  flux  of  35  kJ/cm2,  or  an  required  intensity  of 
approximately  <£=10  kW/cm2  for  a  3  to  4  second  engagement. 

These  estimatations  give  an  order  of  magnitude 
approximation  of  the  energy  that  is  actually  needed  to  melt 
through  the  missile.  As  reported  later  in  this  document,  an 
intensity  level  of  10  kW/cm2  was  enough  to  melt  through  an 
aluminum  sample  that  was  cut  to  the  correct  size  to  control 
the  thermal  diffusion.  However,  when  a  sample  of  Slip-Cast 
Fused  Silica  was  irradiated  at  the  same  intensity  level, 
burn  through  was  only  achieved  after  an  extended  time  of 
almost  two  minutes.  A  possible  explanation  will  be 
discussed  in  Chapter  V,  Section  B.3.a. 

Experiments  conducted  in  the  1970's  and  1980 's  in 
conjunction  with  the  MIRACL  program  indicate  that  an  energy 
flux  or  power  density,  0  =  10  kW/cm2  is  needed  to  destroy  a 
missile  with  a  dwell  time  of  a  few  seconds.  For  this  reason 
most  of  the  experiments  discussed  later  in  the  report  were 
conducted  at  an  intensity  level  of  approximately  10  kW/cm2. 
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B.  SCALING  LAWS  AND  MINIMAL  SPOT  SIZE 

Laser  damage  to  material  has  been  studied  for  many 
years .  Several  Department  of  Defense  and  agencies  have  used 
various  lasers  to  determine  damage  to  different  materials. 
Laser  damage  to  material  is  not  a  new  subject,  but  using  a 
FEL  to  incur  the  damage  is  new. 

Since  there  is  no  MW-class  FEL  to  perform  full-scale 
experiments,  scaling  is  the  only  way  to  determine  the 
effectiveness  of  a  FEL  weapon.  As  mentioned  in  the  previous 
section,  a  power  density  0  =  10  kW/cm2  over  a  spot  size  A  = 
100  cm2  is  required  to  destroy  a  missile  with  a  dwell  time 
of  a  few  seconds.  Scaling  laws  would  allow  predictions  of 
large  area  damage  from  small  area  experiments .  To  achieve  a 

i 

power  density  of  0  -  10  kW/cm2,  a  100  W  FEL  must  use  a  spot 
size  of  1  mm2,  while  a  1  kW  laser  uses  a  spot  size  of  10  mm2. 

Scaling  of  the  laser  damage  will  only  work,  however,  if 
the  thermal  diffusion  is  independent  of  spot  size.  Schriempf 
calculates  the  thermal  diffusion  length  to  be 

D  =  2Vkt  ( 6  .  ) 


where  K  =  —  is  the  thermal  diffusivity  and 
pc 


K  K2AT2 
4<D \k  ' 


V) 
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where  t  is  the  time  required  to  bring  the  material  from 
ambient  temperature  to  melting  temperature.  [Ref.  9]  The 
thermal  diffusion  length  D  represents  the  distance  required 
for  T  to  drop  to  1/e  times  its  initial  value.  In  the  semi¬ 
infinite  approximation  used  by  Schriempf,  radial  heat  flow 
is  ignored.  In  order  for  this  to  be  valid,  the  spot  size 
must  be  much  larger  than  D,  or  the  target  diameter  d  <  D. 

If  these  conditions  are  not  met,  heat  will  diffuse  outside 
of  the  laser  spot  and  the  spot  will  not  be  heated 
effectively. 


C .  PULSE  TRAIN 

The  pulse  train  of  an  FEL  is  different  from  other 
lasers.  FELs  produce  short,  powerful  pulses  with  a  rapid 
repetition  rate. 

Short  pulsed  lasers,  microseconds  or  shorter,  the  peak 
power  increases  and  may  cause  new  effects  beyond  thermal 
heating.  Due  to  the  higher  peak  laser  energy,  there  can  be 
rapid  vaporization  at  the  target  surface,  so  that  the  recoil 
from  the  vapor  blowoff  forms  a  strong  pressure  wave.  The 
peak  of  the  pressure  wave,  or  impulse,  induces  a  shock 
front,  while  the  rear  of  the  wave  induces  a  rarefaction 
wave.  The  shock  front  reflects  when  it  reaches  a  free 
surface  at  the  rear  of  the  material .  The  super  position  of 
the  reflected  and  incident  waves  results  in  stress  at  the 
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free  surface,  which  can  exceed  the  material  strength  causing 
catastrophic  damage  to  the  material.  [Ref.  10] 

The  TJNAF  FEL  has  a  pulse  length  of  X  =  0.4  ps  and  a 

repetition  period  of  T  =  27  ns  illustrated  in  Figure  1. 
The  duty  cycle  Du  is  the  fraction  of  time  the  laser  is 
actually  irradiating  the  target, 


D 


U 


£  _  4  x  10~13s 

T  ~  2.7  x  10_8s 


1.5  x  10"5. 


(8.) 


The  peak  power  in  each  micropulse  P  is 


A 

P  = 


1700W 
1.5  x  10  5 


=  110MW, 


(9-) 


where  P  is  the  current  average  power  of  1700  W  for  the 
Thomas  Jefferson  National  Accelerator  Facility  (TJNAF)  FEL. 
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Comparing  the  TJNAF  FEL  to  another  short  pulse  laser  is 
instructive.  The  Lawrence  Livermore  National  Labs  (LLNL) 
1.053  ftm  Ti: sapphire  CPA  system  has  a  pulse  length  T  =  0.4 
ps,  but  a  pulse  repetition  rate  of  only  10  Hz,  so  the  period 
is  T  =  0.1  s,  and  the  peak  power  is  P  =  2.5TW  [Ref.  11]. 
The  duty  factor  is 


D 


U 


4  x  10~13s 
0.1s 


4  x  1(T12, 


(10.) 


so  that  the  average  power  is 

P  =  (2.5  x  10,2w)(4  x  10~12)  =  10W.  (11.) 

Note  that  the  LLNL  laser  has  a  much  higher  peak  power 
than  the  TJNAF  FEL,  but  the  TJNAF  FEL  has  more  than  one 
hundred  times  the  average  power  because  of  its  high  duty 
cycle.  The  experiments  detailed  in  the  following  section 
were  conducted  to  study  the  effects  of  the  unique  FEL  pulse 
format  in  laser-matter  interaction  on  small  samples. 

D.  ULTRA-SHORT  PULSES 

In  recent  years,  new  laser  capabilities  have  allowed 
damage  research  with  ultra-short  laser  pulses,  from 
picosecond  to  femtoseconds.  Ultra-short  laser  pulse  lengths 
deliver  energy  to  a  metal  at  such  a  fast  rate  that  the  metal 
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lattice  cannot  respond,  but  the  electrons  can  [Ref.  12]. 
The  electrons  rapidly  increase  in  temperature  so  that  the 
difference  between  electron  and  lattice  temperatures  can  be 
as  much  as  a  few  thousand  degrees.  Eventually,  electron- 
phonon  interactions  distribute  the  excess  energy  between  the 
electrons  and  the  lattice  in  a  time  equal  to  a  few  phonon 
oscillations  periods,  a  few  to  tens  of  picoseconds  [Ref. 
13]  . 

A  theory  developed  to  describe  the  effect  of  pulse- 
duration  on  optical  damage  to  metals  argues  that  with  ultra- 
short  pulses,  the  electrons  penetrate  the  material  to  a 
certain  heat  deposition  depth  before  coupling  to  the  lattice 
[Ref.  14].  For  pulses  shorter  than  the  lattice  relaxation 
time,  the  heat-deposition  depth  is  relatively  large  and  the 
resulting  damage  threshold  fluence,  Eth,  is  independent  of 
pulse  duration.  For  pulse  lengths  longer  than  a  critical 
time,  tc,  which  is  larger  than  the  relaxation  time  by  a 
factor  of  C/CeTm  where  C  is  the  material  heat  capacity,  Ce  is 
the  electron  heat  capacity,  and  is  the  melting 
temperature,  the  diffusion  of  energy  to  the  lattice  becomes 
important.  In  this  case,  Eth  will  scale  as  the  square  root 
of  the  pulse  length,  Tp1/2  [Refs.  14  to  16].  For  pulses 
shorter  than  about  500  picoseconds,  Eth  becomes  independent 
of  pulse  length.  Experiments  show  that  there  may  be  as  much 
as  a  factor  of  10  advantage  when  using  shorter  picosecond 
pulses  over  the  larger  100  nanosecond  pulses.  [Ref.  14] 
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Research  has  also  examined  the  threshold  for  ultra- 
short  pulses  damaging  dielectrics  [Refs.  11,  17]  The  same 
trend  as  was  observed  with  metals  was  observed  in  the 
dielectrics.  For  the  longer  pulses,  the  damage  threshold 
decreases  with  decreasing  pulse  length  as  xp1/2  and  does  not 
depend  on  pulse  length  for  very  short,  picosecond  pulses. 
The  critical  pulse  length,  xc,  for  the  transition  was 
hundreds  of  picoseconds  for  metals,  but  is  only  a  few 
picoseconds  for  dielectrics.  As  with  metals,  it  appears 
that  there  may  be  as  much  as  a  factor  of  ten  advantage  when 
using  shorter  picosecond  pulses  compared  to  longer 
nanosecond  pulses . 

From  these  earlier  studies,  it  may  be  inferred  that 
there  is  a  possibility  of  decreasing  the  fluence  required  to 
cause  damage  to  a  material  with  ultra-short  picosecond 
pulses  compared  to  CW  or  short  nanosecond  pulses.  If  it  is 
true,  then  it  may  be  possible  that  the  energy  required  to 
damage  an  in-bound  missile  could  be  reduced.  The  advantage 
could  decrease  the  size  of  the  FEL  required  on  board  ship, 
decrease  the  possibility  of  thermal  blooming,  and  decrease 
the  dwell  time  on  target . 

For  the  experiments  conducted  on  March  12  and  March  23, 
1999,  the  only  parameter  changed  was  the  pulse  repetition 
frequency,  which  caused  the  pulses  used  in  the  later 
experiments  to  have  twice  the  fluence  per  pulse  as  the 
pulses  on  March  12th.  The  burn  through  rate  for  the 
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experiments  of  March  23  was  faster,  and  it  is  postulated 
that  the  increase  is  because  the  higher  fluence  pulses  of 


0.12  J/cm2  of  enery.  This  is  slightly  greater  than  the 
ablation  threshold  for  picosecond  pulses  on  metals,  and  some 
ablation  of  the  material  may  have  taken  place.  [Ref.  18] 
However,  the  fluence  level  was  not  high  enough  to  create  the 
impulse  damage  and  pressure  waves  discussed  in  the 
paragraphs  above . 
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Ill .  TJNAF  FACILITY 


A.  TJNAF  FEL 

The  most  powerful  FEL  ever  operated  is  at  the  Thomas 
Jefferson  National  Accelerator  Facility  (TJNAF) ,  located  in 
Newport  News,  Virginia.  It  is  an  U.S.  Department  of  Energy 
facility  that  is  operated  and  maintained  by  the  Southeastern 
Universities  Research  Association  (SURA) ,  Incorporated.  The 
TJNAF  FEL  first  lazed  on  June  15,  1998,  with  a  pulsed 
electron  beam.  Two  days  later,  it  increased  power  output  to 
155  Watts  of  continuous  wave  power.  By  July  29,  1998,  TJNAF 
increased  the  laser  output  power  to  311  Watts,  a  28-fold 
increase  over  any  other  FEL.  On  March  11,  1999,  TJNAF 
increased  the  output  power  to  710  Watts,  using  a 
recirculated  beam.  In  July  1999,  the  laser  operated 
continuously  at  172  0  Watts  of  average  power.  Near  term 
modifications  now  in  the  planning  stage  will  boost  the  power 
to  10  kW.  With  additional  research  and  development,  a 
Megawatt  Class  FEL  could  soon  be  realized. 

Figure  2  is  a  diagram  of  the  current  FEL.  Figure  3 
shows  the  modifications  that  will  boost  the  output  power  to 
allow  for  a  10  kW  infrared  wavelength  laser  or  a  1  kW 
ultraviolet  wavelength  laser.  Industrial  applications  are 
planned  for  the  ultraviolet  wavelengths . 
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Figure  2.  Current  FEL  Configuration. 
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Figure  3.  Upgraded  FEL  Configuration. 


Table  1  shows  the  parameters  of  the  TJNAF  FEL  and 
compares  them  to  the  requirements  for  a  proposed  shipboard 
anti-missile  defense  weapon  [Ref.  19]. 
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Table  1.  Comparison  of  TJNAF  FEL  with  a  Weapon  FEL. 


Parameter 

TJNAF  FEL 

Weapon  FEL 

Average  Power 

P  =  1.7  kW 

P  =  1  MW 

Average  Current 

7=5  mA 

7  =  900  mA 

Electron  Energy 

ymc 2  =  48  MeV 

ymc2  =  100  MeV 

Electron  Charge/Bunch 

IJc  =  60  pC 

IJc=  1800  pC 

Peak  Current 

7  =  60  A 

7  =  600  A 

Electron  Beam  Radius 

rh  =  100  pm 

rh  =  300  pm 

Pulse  Length 

T  =  0.4  ps 

T  =  3  ps 

Pulse  Repetition  Rate 

PRR  =  18.7/37.4/74.85  MHz 

PRR  =  500  MHz 

Output  Coupling 

10% 

10% 

Resonator  Cavity  Losses 

Q  =  <0.5%  /  pass 

J2  =  <0.5%  /  pass 

Optical  Wavelength 

A  =  3-6  pm 

A  =  1  pm 

The  significant  differences  are  increases  in  the  peak 
current  by  a  factor  of  10,  the  repetition  rate  by  a  factor 
of  7,  the  electron  beam  energy  by  a  factor  of  2,  and  the 
pulse  length  by  a  factor  of  7. 

B.  USER  LAB 

Once  the  FEL  beam  was  produced,  it  was  transferred  to 
several  user  laboratories  for  various  applications.  The 
beam  was  transferred  via  a  low  loss  optical  path.  All  laser 
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damage  experiments  referred  to  in  this  report  were  conducted 
in  user  laboratory  number  one.  Various  TJNAF  personnel 
operated  the  equipment  to  conduct  the  experiments  including 
Michelle  Shinn,  Steve  Benson,  Richard  Evans,  B.  Yunn,  K. 
Jordan,  J.  Gubeli,  and  George  Neil.  Figure  4  is  a  picture 
of  the  optical  bench  setup  used  for  experiments.  The  setup 
included  a  focusing  calcium  fluoride  lens,  a  sample  holder, 
an  iris  and  a  power  meter.  In  Figure  4  the  number  1 
corresponds  to  the  lens.  The  sample  holder  is  not  shown  in 
the  picture,  but  the  line  numbered  2  denotes  its  position  on 
the  bench  set  up.  The  line  numbered  3  is  the  focus  of  the 
lens,  object  number  1.  Object  4  is  an  iris.  The  power 
meter  will  be  shown  in  a  later  picture.  Two  video  cameras 
were  setup  to  record  the  experiments,  one  in  front  of  the 


sample  holder  and  one  behind. 


Figure  6.  Rear  view  of  optical  bench. 
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Figure  5  is  the  front  view  of  the  optical  bench.  The 
number  1  indicates  to  the  lens  as  before.  The  number  5 
shows  the  power  meter's  location.  Numbers  6  and  7  show  the 
positions  of  the  back  and  front  video  cameras,  respectively. 

Figure  6  is  a  rear  view  of  the  optical  bench.  The 
number  8  correlates  to  the  output  of  the  transfer  equipment 
used  to  transfer  the  FEL  beam  to  the  user  laboratory. 
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IV.  MATERIALS 


A.  MATERIALS  USED  IN  EXPERIMENTS 

In  addition  to  the  aluminum  samples  tested  in  these 
experiments,  five  other  materials  were  also  used.  The 
materials  chosen  were  either  actual  missile  nose  cone 
materials,  or  materials  that  were  very  similar  to  missile 
nose  cones.  The  materials  are  [Refs.  20,  21]: 

1.  Phenolic  Resin 

Radome  material  from  a  Standard  ARM  Missile. 

2 .  Pyroceram 

A  furnace  coating  type  material  used  in  SM-1 
and  SM-2  missile  radome s . 

3 .  Slip-Cast  Fused  Silica 

Commercially  available  furnace  material. 
Similar  to  material  used  as  a  radome  for 
Patriot  missile  system. 

4.  Polyimide  Fiberglass 

A  high  temperature  fiberglass  used  on 

supersonic  missile  radomes. 

5 .  F2  Epoxy 

Five  plies  of  fiberglass  cloth  with  an  epoxy 
binder.  This  type  of  material  is  used  in  the 
Soviet  STYX  type  missiles. 
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B.  THERMAL  DIFFUSION  CALCULATIONS 

A  calculation  of  the  thermal  diffusion  length 
associated  with  heating  the  sample  to  melting  temperature 
was  performed  for  a  small  piece  of  aluminum  (Al-6061) . 
This  material  had  values  density  p  =  2700  Kg/m3,  specific 
heat  C  =  896  J/Kg-K,  thermal  conductivity  K  =  180  W/m-K, 
thermal  diffusivity  K  =  7.44  x  10'5  m2/s,  Tm=  855K,  &0  =  108 

W/m2  and 


D  =  ijxt, 


(12.) 


k  K2AT2 

t  =  - 5 - 

4 


(13.) 


where  t  =  0.01s  is  the  time  required  to  bring  the  material 
from  ambient  temperature  to  melting  temperature  and  AT  ~ 
550K  is  the  temperature  change.  The  result  for  Al-6061  is 
D  =  2mm.  In  order  to  melt  through  an  aluminum  sample,  the 
laser  spot  must  have  an  area  greater  than  tt(2  mm)2  *  10  mm2. 

Alternately,  the  target  itself  can  be  made  small  with  d  ~ 

D .  These  calculations  were  experimentally  verified  with 
samples  of  Al-6061.  Using  a  laser  spot  size  of  1  mm2  (much 
smaller  than  the  required  10mm2)  ,  a  sample  with  1  cm 
diameter  was  irradiated  with  no  melting  after  several 
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minutes.  Other  samples  with  a  diameter  of  2mm  (very  close 
to  the  laser  spot  size  itself)  were  melted  in  a  few  seconds. 

Another  target  irradiated  was  Slip-cast  Fused  Silica 
(Si02)  .  A  calculation  of  the  thermal  diffusion  length 
associated  with  heating  the  sample  to  its  melting 
temperature  of  1980K  was  performed  using  values  p  -  2200 
Kg/m3,  C  =  920  J/Kg-K,  K  =  1.26  W/m-K,  K  =  5  x  10'7m2/s,  Tm= 
1980K,  0O  =  108  W/m2.  Since  this  material  has  a  low  thermal 
diffusivity,  its  thermal  diffusion  length  is  also  small, 
D  =  0.02mm.  Therefore,  with  the  insulating  material,  fused 
silica,  the  scaled  laser  spot  must  have  an  area  greater  than 
7C ( 0 . 02  mm)2  =  0.001  mm2,  which  was  attained  with  the  1  mm2 
and  larger  beams  used  at  TJNAF. 
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V. 


MATERIAL  DAMAGE  EXPERIMENTS 


A.  EXPERIMENTAL  PROCEDURES 

1.  March  1999 

Samples  of  all  five  materials  were  irradiated  by  a 
laser  beam  of  wavelength  X  =  4.825  |Hin  through  a  calcium 

fluoride  lens  with  a  focal  length  of  3  00  mm.  Two  pulse 
repetition  frequencies  (PRF)  were  used;  74.85  MHz  for  the 
Phenolic  Resin  sample  and  37.42  MHz  for  all  other  samples. 
The  average  power  recorded  on  the  power  meter  in  the  user 
lab  read  100  to  103  W  with  an  error  of  ±5  W.  Since  a  lens 
focused  the  beam,  the  beam  area  decreased  with  distance 
along  the  direction  of  propagation  to  a  minimum  waist  radius 
of  w0  =  80  Jim  at  the  focal  point.  PARAXIA,  a  beam 
propagation  code,  was  used  to  model  the  beam  diffraction  and 
find  the  target  position  giving  the  desired  intensity  of  10 
kW/cm2  [Ref.  22].  Figure  7  shows  a  graph  of  irradiance 
versus  distance  from  the  focal  point,  with  the  negative 
numbers  indicating  positions  in  front  of  the  focus. 
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Distance  from  focus  (mm) 


Figure  7.  Irradiance  vs.  Distance  from  Focal  Point. 


An  irradiance  of  10  kW/cm2  occurred  when  the  sample  was 
placed  between  25  mm  to  3  0  mm  in  front  of  the  focal  point. 
The  samples  were  actually  placed  26  mm  in  front  of  the 
focus.  Note  that  as  the  laser  burns  into  a  sample  at  some 
depth,  the  intensity  actually  changes  by  a  small  amount  due 
to  diffraction.  The  burn- through  time  was  determined  by 
observing  a  signal  on  a  power  meter  placed  behind  the 
samples,  and  by  watching  for  the  presence  of  coherent 
harmonics  in  the  visible  spectrum  on  an  iris  placed 
approximately  15  cm  behind  the  samples. 
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2. 


August  1999 


In  the  August  1999  experiments,  three  of  the  original 
five  materials  were  used:  Slip-Cast  Fused  Silica,  Polyimide 
Fiberglass,  and  F2 -Epoxy.  Airflow  was  also  added  to  the 
experiments  to  determine  if  it  would  have  any  effect  on  the 
burn  through  rates . 

Two  samples  of  Slip-Cast  Fused  Silica  were  irradiated 
through  a  calcium  fluoride  lens  with  a  measured  back  focal 
length  of  137.6  mm  at  3  |im.  The  laser  beam  wavelength  was 
k=3.10  |0m,  the  pulse  repetition  frequency  (PRF)  was  18.7 
MHz,  and  the  power  meter  in  the  optics  control  room 
indicated  a  power  of  105 ±5  W.  The  samples  were  placed  2  0.7 
cm  from  the  back  surface  of  the  lens .  At  this  position  the 
calculated  waist  radius  of  the  beam  was  0.25  cm,  with  a 
corresponding  average  intensity  of  490  W/cm2.  Three 
irradiations  with  no  airflow  were  done,  then  the  air  was 
turned  on  and  three  more  irradiations  were  done.  The  air 
was  blowing  across  the  front  face  of  the  sample.  An  Oregon 
Scientific  anemometer  was  used,  which  indicated  a  airflow 
speed  of  60  mph.  The  irradiation  exposure  time  was  5  sec. 

After  finishing  the  above  irradiations  a  new  sample  was 
used.  The  sample  was  moved  in  a  new  position  in  order  to 
achieve  a  beam  waist  radius  of  0.087  cm,  which  yields  to  an 
average  intensity  of  10  kW/cm2.  The  same  irradiation 
schedule  was  followed.  The  irradiation  exposure  time  was 
again  5  sec.  [Ref.  23] 
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For  the  Polyimide  Fiberglass  and  the  F2 -Epoxy,  each 
sample  was  irradiated  with  a  FEL  beam  of  wavelength  3.1  ^im, 
pulse  repetition  frequency  18.7  MHz  and  average  power 
100W±5W.  The  Polyimide  Fiberglass  was  irradiated  first, 
followed  by  the  F2 -Epoxy.  Measurements  were  made  with 
samples  placed  downstream  of  a  calcium  fluoride  lens  with  a 
measured  back  focal  length  of  137.6  mm  for  3  |im  wavelengths. 
A  camera  was  set  up  to  observe  the  front  and  back  surface  of 
the  samples . 

Two  sets  of  three  irradiations  were  first  made.  The 

average  intensity  was  490  W  /  cm  ,  which  was  achieved  by 
focusing  the  beam  to  a  spot  of  0.25  cm  radius.  Three 
identical  irradiations  were  made  initially  with  no  airflow, 
and  then  three  again  with  a  airflow  speed  of  60  mph  across 
the  front  face  of  the  samples.  Then,  adjusting  the  beam 

radius  to  0.087  cm,  the  intensity  was  set  to  10  kW  / cm2  and 
the  same  set  of  measurements  was  repeated. 

3.  March  2000 

In  the  March  200  0  experiments,  the  same  three 
materials  that  were  used  in  the  August  1999  experiments  were 
again  irradiated.  The  goal  of  these  measurements  was  to 

maintain  the  average  intensity  of  10  kW  /  cm  but  use  higher 
laser  power,  in  order  to  achieve  a  larger  spot  size. 
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The  Slip-Cast  Fused  Silica  sample  was  irradiated 
through  a  calcium  fluoride  lens  with  a  measured  back  focal 
length  of  235.7  mm  at  3  pm.  The  laser  beam  wavelength  was 
X=3.10  pm,  the  pulse  repetition  frequency  (PRF)  was  37.4 
MHz,  and  the  power  meter  in  the  optics  control  room 
indicated  a  power  of  500 ±10  W.  The  samples  were  placed 
217.0  mm  from  the  back  surface  of  the  lens.  At  this 
position  the  calculated  waist  radius  of  the  beam  was  0.12 
cm,  with  a  corresponding  average  intensity  of  10  kW/cm2. 
One  irradiation  with  no  airflow  was  done,  then  the  air  was 
turned  on,  and  one  more  irradiation  was  done  next  to  the 
first  one.  The  air  was  blowing  across  the  front  face  of  the 
sample.  An  Oregon  Scientific  anemometer  was  used,  which 
indicated  a  airflow  speed  of  83-86  mph.  The  irradiation 
exposure  time  was  5  sec . 

The  Polyimide  Fiberglass  and  F2 -Epoxy  samples  were 
again  irradiated  6  times  (2  sets  of  3  irradiations)  with  a 
FEL  beam  of  wavelength  X  =  3.1  pm,  pulse  repetition 

frequency  3  7.4  MHz,  and  average  power  500W±10W.  The 
Polyimide  Fiberglass  was  irradiated  first,  followed  by  the 
F2 -Epoxy.  Measurements  were  made  with  samples  placed 
downstream  of  a  calcium  fluoride  lens  with  a  measured  back 
focal  length  of  235.7  mm  for  3.1  pm  wavelength.  A  camera 
was  set  up  to  observe  the  front  and  back  surface  of  the 

samples.  Irradiations  were  made  with  10  kW/cm  average 
intensity,  which  was  achieved  by  focusing  the  beam  to  a  spot 
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of  0.126  cm  radius. 


Three  identical  irradiations  were  made 


with  no  airflow,  and  then  three  again  with  a  airflow  speed 
of  85  mph  across  the  front  face  of  the  samples  [Ref.  24]. 

B.  EXPERIMENTAL  RESULTS 

1.  Phenolic  Resin 

a)  Phenolic  Resin  Sample  1  March  1999 

Phenolic  Resin  sample  1  was  circular  with  an  outer 
diameter  of  32.5  mm.  There  was  a  7.1  mm  hole  in  the  middle 
of  it.  It  varied  in  depth  from  1.6  mm  to  3.2  mm.  Figure  8 
is  a  picture  of  sample  1  after  3  irradiations,  with  the 
sample  rotated  90°  counterclockwise  after  each  run.  In 
Figure  8 ,  the  numbers  correlate  to  the  data  in  Table  2 .  The 
power  meter  in  the  lab  indicated  a  power  of  100  watts  with 
the  pulse  repetition  frequency  of  74.85  MHz. 
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1  cm 


1 


Figure  8.  Phenolic  Resin  Sample  1. 


Table  2.  Irradiation  of  Phenolic  Resin  Sample  1. 


Run 

Number 

Irradiance 

(kW/cm2) 

Thickness 

(mm) 

Wavelength 

(pm) 

Exposure 

Time 

(s) 

Burn 

Through 

Time  ( s ) 

1 

10 

1.6 

4.825 

3.4 

N/A 

2 

10 

2.5 

4.825 

11.7/26.5 

mm 

3 

10 

3.2 

4.825 

_ 

13.5 

mm 

The  objectives  of  these  FEL  irradiations  were 
simple:  to  see  if  the  FEL  would  burn  through  the  material 
and  measure  at  least  50%  of  the  incident  energy  on  the  power 
meter  behind  the  sample.  Run  number  one  did  not  achieve 
burn  through  because  of  operator  intervention.  After 
initial  irradiation,  the  rear  camera  showed  that  the  sample 
had  ignited.  The  FEL  operators  quickly  stopped  the 
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experiment  only  to  find  that  the  sample  had  slightly  charred 
on  the  reverse  side  and  had  not  burned  through. 

For  run  numbers  two  and  three,  the  samples  were 
irradiated  for  an  extended  period  past  burn  through.  From 
watching  the  videotape,  the  burn  through  times  were 
approximately  7.4  seconds  for  run  two  and  7.9  seconds  for 
run  three.  Neither  run  measured  more  than  50%  of  the 
incident  energy  on  the  power  meter,  which  the  operator  felt 
was  an  indication  that  the  ablative  plumb  was  absorbing  50% 
of  the  energy  [Ref.  18]. 

Figure  9  is  a  picture  of  run  number  two  using  a 
microscope  and  video-capturing  program.  Run  number  two  is 
similar  to  run  number  three.  The  crater  is  not  cylindrical 
since  the  back  face  has  a  slightly  smaller  area  than  the 
front.  There  is  a  crater  lip  that  is  built  up  from  the 
damage,  approximately  1mm  high.  Also,  note  the  presence  of 
the  white  crust,  probably  from  the  separation  of  the  resin 
into  its  elements  during  heating.  The  white  crusts  and  lips 
are  also  evident  on  the  back  side  for  runs  two  and  three. 
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Figure  9.  Phenolic  Resin  Sample  1,  Run  2. 
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b)  Phenolic  Resin  Sample  2  March  1999 


Phenolic  Resin  sample  2  was  circular  with  a 
diameter  of  31.0  mm.  There  was  a  7.1  mm  hole  in  the  middle 
of  it.  It  varied  in  thickness  from  1.5  mm  to  3.8  mm. 
Figure  10  is  a  picture  of  sample  2  after  7  irradiations, 
rotated  counterclockwise  after  each.  In  Figure  10,  the 
numbers  correlate  to  the  data  in  Table  3 .  The  incident 
power  was  100  W  with  a  pulse  repetition  rate  was  74.85  MHz. 


6 


4 

Figure  10.  Phenolic  Resin  Sample  2. 
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Table  3.  Irradiation  of  Phenolic  Resin  Sample  2. 


Run  Number 

Irradiance 

Thickness 

Exposure 

Burn 

(kW/cm2) 

(mm) 

Time  ( s ) 

through 

1 

12 

3.8 

1 

No 

2 

12 

2.2 

2 

Yes 

3 

12 

1.7 

3 

Yes 

4 

12 

1.6 

0.5 

No 

5 

680 

1.5 

1 

Yes 

6 

680 

3.2 

2 

Yes 

All  runs  produced  a  lip  around  the  entrance  of  the 
cavities  ranging  from  0.1  mm  to  1  mm  high.  They  also 
produced  a  white  crust  that  must  be  some  sort  of  elemental 
extract  of  the  resin,  probably  separated  during  heating. 
Runs  that  did  not  burn  through,  one  and  four,  created  a 
crater  shaped  like  an  inverted  cone  with  a  rounded  apex, 
probably  due  to  the  Gaussian  nature  of  the  FEL's  beam. 
Inspection  of  the  back  side  of  run  four,  showed  charring,  a 
sign  that  the  beam  almost  burned  through.  Runs  that 
achieved  burn  through  had  a  cylindrical  crater,  with  the 
back  edge  slightly  smaller  than  the  front.  Lips  formed  on 
the  reverse  side  of  the  sample,  just  like  the  front  side 
with  the  white  crust  around  it. 
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Figure  11  is  a  picture  of  run  number  three  using  a 
microscope  and  video  capturing  program.  Run  number  three  is 
indicative  of  the  runs  with  irradiances  of  12  kW/cm2,  runs 
one  through  four.  Note  the  crater's  lip  and  the  existence 
of  the  white  crust. 


Figure  11.  Phenolic  Resin  Sample  2,  Run  3. 


Figure  12  is  a  picture  of  run  six.  It  is  indicative  of 
the  damage  produced  by  the  runs  with  irradiances  of  680 
kW/cm2,  the  other  run  was  number  five.  Also  note  that  due 
to  the  high  irradiance,  the  crater  is  smaller  in  height  by  a 
factor  of  two  or  three.  The  beams  with  more  power  density 
were  able  to  burn  through  the  material  faster  producing  a 
much  smaller  lip  as  well.  Note  the  existence  of  the  same 
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Recession  rates  are  computed  in  Table  4.  The  burn 
through  times  were  hand-timed  from  a  video  of  the 
experiments  using  a  stopwatch.  Data  from  Table  4  concludes 
that  the  recession  rate  decreases  nonlinearly  as  the 
exposure  time  increases.  This  decline  is  recession  rate 
could  be  due  to  smoke  and  debris  flying  out  of  the  crater 
while  the  beam  is  burning  through  the  Phenolic  material. 
The  smoke  and  debris  impede  the  laser  from  doing  damage. 

2 .  Pyroceraiu 

a)  Pyroceram  Sample  1  March  1999 

Pyroceram  sample  1  was  irregular  in  shape  with  an 
average  thickness  of  1.4  mm.  Figure  13  is  a  picture  of 
sample  after  3  irradiations.  In  Figure  13,  the  numbers 
correlate  to  the  data  in  Table  5 .  The  power  meter  in  the 
lab  indicated  a  power  of  103  W  with  a  pulse  repetition  rate 
of  74.85  MHz,  and  optical  wavelength  of  4.83  ^m. 
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Figure  13.  Pyroceram  Sample  1. 


Table  5.  Irradiation  of  Pyroceram  Sample  1. 


Avg. 

Exposure 

Run  Number 

Intensity 

time 

(kW/cm2) 

(s) 

1 

9 

2 

2 

9 

4 

3 

9 

6 

Comments 


Sample 


shattered 


b)  Pyroceram  Sample  2 


March  1999 


Pyroceram  sample  2  had  an  irregular  shape  with  an 
average  depth  of  1.4  mm.  Figure  14  is  a  picture  of  sample  2 
after  3  irradiations.  In  Figure  14,  the  numbers  correlate 
to  the  data  in  Table  6 .  The  power  meter  in  the  lab 
indicated  a  power  of  103  W  with  a  pulse  repetition  rate  of 
74.85  MHz,  and  laser  beam  wavelength  of  4.83  pm. 


Figure  14.  Pyroceram  Sample  2. 
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Table  6.  Irradiation  of  Pyroceram  Sample  2. 


Run 

Avg. 

Exposure 

Number 

Intensity 

time 

Comments 

, 

(kW/cm  ) 

(s) 

1 

9 

7 

2 

9 

5 

Sample 

shattered 

3 

500 

11 

Each  irradiation  of  the  sample  caused  a  spray  of 
sparks,  flying  debris,  and  smoke.  Run  number  three  of 
sample  1  shattered  five  seconds  into  the  six  second 
irradiation  period.  Run  number  two  of  sample  2  shattered 
4.5  seconds  into  the  run.  After  irradiation  there  was 
molten  pyroceramic  material  in  each  crater,  which  cooled 
into  black  glossy  material  as  seen  in  Figure  13  and  Figure 
14.  The  irradiations  did  not  produce  a  noticeable  lip  as  in 
the  Phenolic  Resin  tests.  The  runs  also  produced  a  distinct 
circular  ring  around  the  craters .  The  origin  of  the  rings 
is  unknown,  but  they  may  be  the  result  of  material 
alteration  due  to  heating.  There  were  no  notable  marks  on 
the  back  of  the  sample.  The  laser  beam  did  not  burn  through 
sample  1  or  sample  2  on  any  run. 
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3.  Slip-Cast  Fused  Silica 

a)  March  1999 

The  fused  silica  sample  provided  by  NRL  measured  6.9  cm 
x  7.4  cm  and  varied  in  thickness  from  0.9  cm  to  1.9  cm.  The 
front  of  the  sample  after  irradiation  is  shown  in  Figure  15. 


Figure  15.  Slip-Cast  Fused  Silica  Sample. 

The  sample  was  irradiated  eight  times  and  the  results 
are  summarized  in  Table  7 . 
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Table  7.  Irradiation  Results  of  Slip-Cast  Fused  Silica. 


Run 

Average 

Exposure 

Penetration 

Intensity 

Time 

Rate 

Number 

(kW/cm2) 

(s) 

(mm/s) 

1 

9 

9 

0.20 

2 

9 

110 

0.08 

3 

9 

13 

0.20 

4 

9 

24 

0.12 

5 

9 

41 

0.08 

6 

9 

2 

0.35 

7 

500 

3 

3.0 

8 

500 

11 

3.0 

The  irradiations  were  done  from  left  to  right  in  Figure 
15 .  The  last  two  runs  were  done  with  the  sample  at  the 
focus  of  the  laser  beam  instead  of  26  mm  in  front,  so  that 
the  beam  waste  radius  was  only  80  pm  yielding  an  intensity 
of  500  kW/cm2.  The  last  two  runs  were  conducted  to 
investigate  the  effects  of  much  higher  power  density.  As 
shown  in  Figure  15,  the  first  six  runs  were  along  the  top  of 
the  sample  and  the  last  two  were  approximately  1  cm  below. 
The  second,  seventh  and  eighth  runs  penetrated  the  entire 
0.9-cm  thickness  of  the  Fused  Silica  material.  Figure  16 
shows  the  effects  of  exposure  time  on  penetration  rate  for 
runs  one  through  six  taken  from  Table  7 . 
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Penetration  Depth  Rate  vs  Exposure  Time 


Exposure  Time  (s) 

Figure  16.  Exposure  Time  vs.  Penetration  Depth  Rate  for  Fused  Silica. 


As  the  exposure  time  was  increased  more  smoke  and 
debris  filled  the  hole  and  blocked  the  path  of  the  laser 
beam  causing  the  penetration  rate  to  decline  over  time. 
Apparently  10kW/cm2  is  not  a  high  enough  intensity  for  this 
material  to  reach  vaporization  temperature.  The  heat  was 
able  to  diffuse  away  quickly  enough  that  the  material 
reached  a  steady  state  in  the  liquid  form,  and  would  not 
clear  for  additional  penetration.  In  the  future,  additional 
experiments  can  explore  whether  higher  intensities,  or 
altering  the  FEL  wavelength  during  sample  irradiation 
improves  penetration  rates  through  smoke  and  debris . 
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Since  the  second  run  was  the  only  run  at  9  kw/cm2  to 
burn  completely  through  the  material  at  the  primary  power 
density  of  interest,  it  is  worth  a  closer  look.  A  digital 
picture  of  damage  from  run  two  was  taken  through  an  optical 
microscope  as  shown  in  Figure  17 . 


Figure  17.  Close-Up  of  Damage  to  Slip-Cast  Fused  Silica  Run  2. 

Although  the  beam  diameter  was  only  1.1  mm,  the  melted 
portion  at  the  surface  of  the  sample  measured  5  mm  in 
diameter.  The  hole  is  tapered  with  the  melted  portion  on 
the  back  of  the  sample  measuring  only  2  mm  in  diameter. 
Since  the  sample  face  is  2  6  mm  in  front  of  the  focus,  and 
the  sample  back  is  17mm  from  the  focus,  the  beam  size  is 
decreasing  as  it  proceeds  through  the  material  as  shown  in 
Figure  18.  Also,  the  frontal  area  is  irradiated  longer  than 
the  back  of  the  sample  allowing  for  more  time  to  expand  the 
damage  radially. 


Figure  18.  Sketch  of  Beam  Focusing  Effect. 

The  vertical  scale  in  Figure  18  is  exaggerated  by  a 
factor  of  five  with  respect  to  the  horizontal  scale  in  order 
to  more  clearly  demonstrate  the  effect. 

Examination  of  the  hole  from  run  two  through  an  optical 
microscope  reveals  a  1-mm  thick  layer  of  melted  and 
rehardened  Si02  filling  the  hole  at  the  back  of  the  sample. 
It  was  clear  from  the  video  and  the  rear  power  meter  that 
burn- through  occurred  in  run  two,  but  melted  material 
solidified  and  resealed  the  hole  at  the  back  of  the  sample. 
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A  picture  of  the  back  of  the  target  taken  through  a  Scanning 
Electron  Microscope  (SEM) ,  Figure  19,  shows  the  hole  from 
run  seven  is  fairly  irregular  with  a  great  deal  of  debris. 


Figure  19.  SEM  Photograph  of  Damage  to  Fused  Silica  Run  7. 


The  volume  of  the  hole  in  run  two  is  estimated  by. 


v  =  f  4r(z)]23z, 


(14.) 


where  the  radius  approximately  changes  linearly  as 


R(z)  =  0.53  mm  -  0.02  z[mm]. 


(15.) 
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By  a  similar 


which  gives  a  volume  of  V  =  5.6  mm3, 

calculation,  the  volume  of  the  entire  damaged  region, 
including  the  melted  and  rehardened  portion,  is  estimated  to 
be  V  =  92  mm3.  Based  on  the  density  of  fused  silica  of  p  - 

2.2  g/cm2,  the  amount  of  material  removed  was  0.012  g,  and 
the  amount  of  material  damaged  was  0.20  g.  The  heat  energy 
deposited  during  run  two  is  given  by, 

e  =  pt  =  Oat,  (16.) 

which  gives  E  =  9.7  kJ  deposited  during  the  110  second  run. 

The  predictions  made  in  Chapter  II,  section  A, 
indicated  that  this  material  could  be  burned  through  in 
about  3  seconds  at  3  kW/cm2,  or  just  over  1  second  at  the  9 
kW/cm2  used  in  these  experiments.  Using  these  numbers  in 
equation  (16.)  estimates  that  the  energy  that  would  need  to 
be  deposited  to  melt  through  this  sample  is  only  95  Joules 
vice  the  9.7  kJ  that  was  actually  deposited. 

The  amount  of  energy  needed  can  also  be  calculated 
using  the  first  method  in  Chapter  II.  That  is  by 
calculating  the  energy  needed  to  break  each  bond  of  the  Si02 
molecules.  The  atomic  weight  of  Si02  is  60  amu,  or  1  x  10'22 
g.  Since  the  density  of  Si02  is  2.2  g/cm3,  the  number  of 
molecules  per  cubic  centimeter  is  approximately  2  x  1022  . 
The  required  energy  to  break  all  the  bonds  assuming 
approximately  4  eV/bond  is 
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(17.) 


E  =  (2.2  *  1022 bonds  /  cm3)  (4eV  /  bond)  (l  .6  *  10  19 J  /  ev) 
=  12.8  kJ  /  cm3 


and  using  the  volume  calculated  from  equation  (14.),  the 
total  energy  required  is  predicted  to  be 


Et  =  (l2.8  k J  /  cm3)(  5.6  •  10  3cm3) 
-  72  J 


(18.) 


which  is  very  close  to  the  95  J  predicted  in  above,  but  far 
from  the  9.7  kJ  delivered  during  the  irradiation. 

The  difference  in  predicted  and  actual  energy 
requirements  seems  to  come  about  as  a  result  of  the  change 
in  state  of  the  material.  The  calculations  used  in  Chapter 
II  and  in  the  paragraphs  above  assume  that  the  thermal 
diffusion  length  is  small  compared  to  the  beam  diameter. 
This  is  true  for  Slip-Cast  Fused  Silica  in  its  normal  state, 
where  the  thermal  diffusion  length  was  calculated  in  Chapter 
III,  section  B  to  be  only  0.02  mm.  However,  it  is  possible 
that  once  the  material  melted,  the  thermal  conductivity 
increased  dramatically,  increasing  the  thermal  diffusion 
length  substantially.  This  would  result  in  a  dramatic 
decrease  in  the  amount  of  heat  remaining  in  the  area  of  the 
laser  spot,  and  prevent  the  material  from  reaching  the 
vaporization  temperature.  This  seems  to  be  what  is  taking 
place  since  even  after  being  irradiated  for  110  seconds,  the 
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material  still  contains  a  large  volume  of  melted  and  re¬ 
solidified  material. 

In  future  studies  it  would  be  interesting  to  note  what 
intensity  level  is  required  in  order  for  this  material  to 
reach  vaporization  temperature. 


b)  August  1999  Sample  1 

The  sample  of  slip-cast  fused  silica  used  in  the  August 
1999  experiments  measured  2.2  cm  by  7.4  cm  and  had  a 
variation  in  thickness  from  0.9  to  1.9  cm.  Figure  20  shows 
two  sets  of  three  irradiations  done  on  the  front  face  of  the 
sample.  The  lower  set  of  irradiations  was  done  while  air 
was  blowing  across  the  front  surface  of  the  sample,  and  the 
upper  set  without  air.  Table  8  shows  the  data  and  the 
results  of  these  irradiations.  Runs  number  1,2  and  3  refer 
to  the  upper  set  of  irradiations,  and  4,5  and  6  to  the  lower 
set . 
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Figure  20.  Slip-Cast  Fused  Silica  Sample  1. 


Table  8.  Irradiation  Data  of  Slip-Cast  Fused  Silica  Sample  1. 


Run 

Number 

Wavelength 

(um) 

PRF 

(MHz) 

Airflow 

(mph) 

Average 

Power 

(Watts) 

Average 

Intensity 

(W/cm2) 

Laser 

Beam 

Diameter 

(mm) 

Damage 

Diameter 

(mm) 

1 

3.10 

18.7125 

No 

105 

490 

5 

6.2 

2 

3.10 

18.7125 

No 

105 

490 

5 

6.5 

3 

3.10 

18.7125 

No 

105 

490 

5 

6.0 

4 

3.10 

18.7125 

60 

105 

490 

5 

5.0 

5 

3.10 

18.7125 

60 

105 

490 

5 

5.0 

6 

3.10 

18.7125 

60 

105 

490 

5 

5.5 

The  exposure  time  of  the  above  irradiations  was  5  sec, 
and  the  energy  per  pulse  was  twice  that  of  the  measurements 
made  in  March  99.  The  damage  diameters  were  measured  using 
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an  optical  microscope.  Due  to  the  low  average  intensity 
(490W/cm2)  ,  we  observed  faint  cyclic  profiles  on  the  sample 
material  after  the  irradiations,  whose  diameters  matched  the 
calculated  beam  diameter  reasonably  well  [Ref.  23].  The 
damage  was  just  superficial,  and  the  effect  of  the  airflow 
was  to  decrease  the  diameter  of  the  damage  area,  probably 
due  to  the  rapid  cooling  of  the  sample  by  the  air.  Figure 
21  shows  a  close  up  of  damage  in  run  2. 


5%  -  •  l.W  I®  ' 

Figure  21.  Close-Up  Damage  to  Slip-Cast  Fused  Silica  Run  2. 


c)  August  1999  Sample  2 

The  sample  measured  2.2  cm  by  7.4  cm  and  had  a 
variation  in  thickness  from  0.9  to  1.9  cm.  Figure  22  shows 
the  irradiations  done  on  the  front  face  of  the  sample  and 
Table  9  the  corresponding  data. 
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Figure  22.  Slip-Cast  Fused  Silica  Sample  2. 


Table  9.  Irradiation  Data  of  Slip-Cast  Fused  Silica  Sample  2. 


Run 

Number 

Wavelength 

(.um) 

PRF 

(MHz) 

Airflow 

(mph) 

Average 

Intensity 

(kW/cm2) 

Laser 

Beam 

Diameter 

(mm) 

Damage 

Diameter 

(mm) 

Penetration 

Rate 

(mm/s) 

1 

3.10 

18.7 

No 

10 

1.76 

3.8 

0.29 

2 

3.10 

18.7 

No 

10 

1.76 

3.5 

0.30 

3 

3.10 

18.7 

No 

10 

1.76 

3.5 

0.32 

4 

18.7 

60 

10 

1.76 

3 

0.34 

5 

3.10 

18.7 

60 

10 

1.76 

3 

0.33 

6 

3.10 

18.7 

60 

10 

1.76 

2.5 

0.31 

7 

3.10 

18.7 

No 

10 

1.76 

3.9 

0.29 

The  average  beam  power  was  105  Watts.  The  exposure 
time  for  the  above  irradiations  was  5  sec,  and  the  average 
intensity  was  10  kW/cm2.  The  average  damage  diameter,  for 
the  irradiations  done  in  the  presence  of  airflow,  was  2.83 
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mm  and  for  those  without  airflow  was  3.67  mm.  Again  the 
damage  diameters  matched  the  calculated  beam  diameters 
reasonably  well,  and  the  effect  of  the  presence  of  air  was 
to  decrease  the  diameter  of  the  damaged  area  [Ref.  23].  No 
burn- through  occurred  during  the  irradiations.  The  damage 
produced  on  the  sample  had  the  shape  of  small  cyclic  crater. 
The  areas  around  the  craters  were  clean  of  debris .  Part  of 
the  melted  material  was  evaporated  during  the  irradiation 
and  the  rest  of  it  remained  inside  the  crater. 

The  average  penetration  rate,  for  the  irradiations  done 
in  the  presence  of  airflow,  was  0.326  mm/s  and  for  those 
without  airflow  was  0.3  mm/s.  The  presence  of  airflow  only 
slightly  increased  the  penetration  rate. 

The  data  from  Figure  16  is  shown  again  in  Figure  23, 
and  shows  the  effects  of  the  exposure  time  on  penetration 
depth  rate. 
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Penetration  Depth  Rate  vs  Exposure 
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Figure  23.  Exposure  Time  vs.  Penetration  Rate  for  Fused  Silica  March  1999. 


The  average  power  of  the  March  1999  experiment  was  100 
to  103W±5W,  the  wavelength  A,=4.825  pm,  average  intensity  10 

kW/cm2,  and  PRF  37.4  MHz.  As  can  be  seen  from  Figure  23, 
the  penetration  depth  rate  that  corresponds  to  an  exposure 
time  of  5  sec  is  approximately  0.26  mm/s.  Table  9  shows 
that  when  the  PRF  is  18.7  MHz  and  the  wavelength  is  A,=3.10 

pm,  the  penetration  rate  is  just  slightly  faster  than  either 
with  the  presence  of  airflow  or  without  it.  It  is  true  that 
when  the  PRF  is  lower  there  is  higher  fluence  per  pulse  and 
thus  intensity  per  micropulse,  but  this  increase  in  burn 
rate  is  too  small  to  draw  any  definite  conclusions 
concerning  PRF  or  pulse  length  effects. 
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In  the  future  it  would  be  interesting  to  conduct 
experiments  changing  just  one  parameter  in  each  experiment, 
and  irradiate  all  the  samples  for  the  same  length  of  time, 
so  that  we  can  better  evaluate  the  effect  the  change  of 
individual  parameters  have  on  the  burn  through  rates . 

d)  March  2000 

The  purpose  of  the  March  2000  experiments  was  to 
increase  the  size  of  the  laser  beam  spot  while  maintaining 
the  same  intensity  of  10  kW/cm2.  To  do  this  the  average 
beam  power  was  increased  to  500  Watts.  The  sample  of  slip- 
cast  fused  silica  was  the  same  used  in  the  March  1999 
experiments .  It  measured  6.9  cm  by  7.4  cm  and  had  a 
variation  in  thickness  from  0.9  to  1.9  cm.  Figure  24  shows 
the  irradiations  done  on  the  front  face  of  the  sample  and 
Table  10  the  corresponding  data.  The  two  new  irradiations 
conducted  in  this  experiment  are  labeled  1  and  2  in  Figure 
24. 
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Figure  24.  Slip-Cast  Fused  Silica  Sample  3. 


Table  10.  Irradiation  Data  of  Slip-Cast  Fused  Silica  Sample  3. 


Run 

Number 

Wavelength 

(pm) 

PRF 

(MHz) 

Airflow 

(mph) 

Average 

Intensity 

(kW/cm2) 

Laser 

Beam 

Diameter 

(mm) 

Damage 

Diameter 

(mm) 

Penetration 

Rate 

(mm/s) 

1 

3.10 

37.425 

83-86 

10 

2.4 

4.4 

1.32 

2 

3.10 

37.425 

No 

10 

2.4 

5.6 

7.5 

Burn-through  of  the  material  occurred  during  the  above 
irradiations.  The  burn-through  time  for  Run  1  was  6.8  sec 
and  for  Run  2  was  1.2  sec.  In  Run  1,  the  damage  diameter  on 
the  front  face  of  the  material  sample  was  4.4  mm,  and  on  the 
back  face  was  3.1  mm.  In  Run  2  the  damage  diameter  on  the 
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front  face  was  5.6  mm  and  on  the  back  face  1.8  mm.  It  can 
be  seen  that  the  effect  of  airflow  was  to  reduce  the  front 
face  damage  diameter  and  to  increase  the  burn- through  time. 
Apparently  the  airflow  is  not  removing  material,  but  only 
cooling  the  sample. 

It  can  also  be  seen  that  the  back  face  damage  diameters 
of  the  material  sample  are  smaller  than  the  front  face. 
There  are  three  possible  explanations  for  this.  The  first 
is  that  the  beam  profile  follows  the  Gaussian  distribution, 
with  the  highest  intensity  in  the  center  of  the  beam  and 
intensity  down  by  1/e  at  the  beam  radius.  The  second  is  the 
position  of  the  sample.  The  sample  is  9  mm  thick  and  was 
located  during  the  irradiations  217.0  mm  from  the  back 
surface  of  the  lens  while  the  back  focal  length  of  the  lens 
was  235.7  mm.  It  was  18.7  mm  from  the  focus,  so  the  beam 
size  is  decreasing  as  it  proceeds  through  the  material.  The 
third  is  that  the  front  surface  is  exposed  to  irradiation 
for  longer  time  than  the  back. 

The  volume  of  the  entire  damaged  region  in  Run  1  is 
estimated  by. 


K  •  RfT(z)  •  dz  , 


(19.) 


where  the  radius  changes  approximately  linearly  as 


R1t(z)  -  2.2mm  -  0.072  •  z[mm] 


(20.) 


The  volume  of  the  entire  damaged  region  in  Run  2  is 
estimated  by. 


V. 


2t 


p9mm 

Jo 


7l  ■  R2t(z)  ■  dz 


(21.) 


where  the  radius  changes  approximately  linearly  as 

R2t(z)  =  2.8mm  —  0.211  •  z[mm]  (22.) 

After  doing  the  above  calculations  the  volume  of  the 
entire  damage  region  in  Run  1  is  V1T=100.5  mm3  and  in  Run  2 
is  V2T=105.3  mm3.  Knowing  that  the  density  of  the  fused 
silica  is  p=2.2  g/cm3  the  mass  of  the  entire  damaged  region 
in  Run  1  is  m1T=  0.221  grams  and  in  Run  2  is  10^=0.232  grams. 
The  volume  of  the  hole  in  Run  1  is  estimated  by. 


V, 


IK 


n  ■  RfH(z)  •  dz  , 


23  .  ) 


where  the  radius  changes  approximately  linearly  as 


RIh(z)  =  1 .6mm  -  0. 1167  •  z[mm]  (24  .  ) 
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The  volume  of  the  hole  in  Run  2  is  estimated  by, 


V. 


2H 


i*9  mm 

Jo 


7t  ■  R2h(z)  •  dz 


(25.) 


where  the  radius  changes  approximately  linearly  as 


R2h(z)  =  0.75mm  -  0.0444  ■  z[mm]  (26.) 

After  doing  the  above  calculations  the  volume  of  the 
hole  in  Run  1  is  V1H=35.2  mm3  and  in  Run  2  is  V2H=8.9  mm3. 
Knowing  that  the  density  of  the  fused  silica  is  p=2.2  g/cm3 
the  mass  of  the  material  removed  creating  a  hole  in  Run  1  is 
m1H=0.078  grams  and  in  Run  2  is  11123=0.020  grams. 

These  calculations  show  that  the  damaged  regions, 
either  with  or  without  the  presence  of  airflow,  have 
approximately  the  same  volume  (V1T=100.5  mm3  and  V2T=105.3  mm3). 
The  basic  effect  of  the  airflow  is  that  it  increases  the 
volume  of  the  hole  of  the  damaged  region  (V1H=35.2  mm3  and 
V2h=8 . 9  mm3)  . 

Table  11  shows  the  burn-through  irradiation  data  of  an 
older  experiment  conducted  on  the  same  sample  of  fused 
silica  without  the  presence  of  air  and  analyzed  in  Ref  23 . 
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Table  11.  Irradiation  Data  of  March  1999  Slip  Cast  Fused  Silica  Sample  3. 


Run 

Number 

Wavelength 

(pm) 

PRF 

(MHz) 

Average 

Power 

(Watts) 

Average 

Intensity 

(kW/cm2) 

Volume 

of  entire 

damaged 

region 

(mm3) 

Volume 

of  the 

hole 

(mm3) 

Penetration 

Rate 

(mm/s) 

2 

4.825 

37.425 

100 

10 

92 

5.6 

0.081 

Comparing  the  results  of  the  March  2000  experiments 
with  those  on  Table  11,  we  see  that  shifting  the  wavelength 
from  )t=4.825  pm  to  h=3 . 1  pm,  and  increasing  the  average 
power  from  10  0  Watts  to  500  Watts,  the  penetration  rate 
increases  dramatically  from  0.081  mm/s  to  1.32  mm/s  with  the 
presence  of  airflow  and  to  7.5  mm/s  without  it.  The  volume 
of  the  entire  damaged  region  increases  slightly  from  92  mm3 
to  100.5  mm3  with  the  presence  of  airflow  and  to  105.3  mm3 
without  it.  Finally  the  volume  of  the  hole  increases  from 
5.6  mm3  to  35.2  mm3  with  the  presence  of  airflow  and  to  8.9 
without  it. 

A  possible  explanation  for  the  success  of  the  March 
2000  runs  is  the  increase  in  beam  radius  from  0.087cm  to 
0.12cm.  This  increase  in  beam  area  could  be  enough  so  that 
even  with  the  large  thermal  diffusion  length  estimated  in 
Section  B.3.a.  of  this  chapter,  the  new  beam  area  was  large 
enough  to  ensure  enough  heat  was  retained  to  reach 
vaporization . 
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Figure  25.  Close-Up  of  Damage  of  Slip  Cast  Fused  Silica  Run  1 


Figure  26.  Close-Up  of  Damage  of  Slip-Cast  Fused  Silica  Run  2, 


Figure  27.  Back  View  of  Damage  to  Slip  Cast  Fused  Silica  Runs  1  and  2. 


irradiation,  is  shown  in  Figure  28 


Figure  28.  Polyimide  Fiberglass, 


The  sample  was  irradiated  three  times  and  the  results 
are  summarized  in  Table  12 . 


Table  12.  Irradiation  of  Polyimide  Fiberglass. 


Run 

Number 

Average  Intensity 

(kW/cm2) 

Exposure 

Time  (s) 

Penetration 

Depth  Rate 

(mm/s) 

1 

9 

7 

0.28 

2 

9 

2 

0.90 

3 

9 

1 

1.1 

The  irradiations  were  done  from  left  to  right  with  the 
sample  2  6  mm  in  front  of  the  focus  of  the  beam.  Only  the 
first  run  achieved  burn- through  of  the  material,  with  the 
entry  hole  3  mm  in  diameter  and  the  exit  hole  1.5  mm.  All 
three  holes  show  significant  charring  which  impedes  damage. 
Investigation  with  an  optical  microscope  reveals  a  raised 
lip  of  material  around  the  face  of  the  hole  that  does  not 
appear  on  the  fused  silica  sample.  There  is  much  more 
roughness  as  observed  in  Figure  29  to  Figure  31.  The 
charred  region  extends  to  a  diameter  of  8  mm  for  run  one, 
6.5  mm  for  run  two,  and  5.4  mm  for  run  three.  The  lip 
height  is  0.3  mm  for  run  one,  0.1  mm  for  run  two,  and  0.05 
mm  for  run  three .  These  measurements  indicate  that  as  the 
dwell  time  increases,  the  radial  extent  of  the  damage  area 
increases,  and  more  material  is  deposited  around  the  edge  of 
the  hole.  There  is  no  evidence  of  melted  and  rehardened 
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material  present  m  the  holes  as  found  with  the  fused  silica 
indicating  a  different  mechanism  for  damage  in  the  two 
samples . 


Figure  29.  Close-Up  of  Damage  to  Polyimide  Fiberglass  Run  1. 


Figure  30.  Close-Up  of  Damage  to  Polyimide  Fiberglass  Run  2, 


Figure  31.  Close-up  of  Damage  to  Polyimide  Fiberglass  Run  3. 


b)  August  1999  and  March  2000 

The  sample  used  in  the  March  1999  experiments  was  again 
used.  It  had  dimensions  11.4  cm  by  10.1  cm  and  2  mm 
thickness.  Figure  32  shows  a  photo  of  the  sample  after  all 
sets  of  irradiations.  Irradiations  with  numbers  1,2  and  3 
were  those  conducted  in  March  1999,  however  the  numbering 
order  was  accidentally  reversed  from  that  of  Figure  28. 
Irradiations  4  to  15  were  conducted  in  August  1999  and  16  to 
21  were  conducted  in  March  2000.  All  irradiations  were  done 
three  times  with  the  same  parameters  in  order  to  get  more 
accurate  measurements.  The  actual  results  came  from  the 
mean  value  of  the  three  measurements .  Irradiations 
7,8,9,10,11,12,16,17,18  were  done  with  no  airflow  while  in 
4,5,6,13,14,15,19,20,21  there  was  airflow  present. 
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Figure  33.  Polyimide  Fiberglass  (Back  View). 


66 


In  Figure  33  we  see  a  photo  of  the  backside  of  the 

sample  showing  that  all  of  the  10  kW  /  cm  irradiations 
completely  penetrated  the  sample.  (Note:  Hole  3  in  Figure 
32  has  mistakenly  been  numbered  2  in  Figure  33)  .  On  the 

other  hand  the  500  W  /  cm2  intensity  (irradiations  10  to  15 
of  Figure  32  did  not  penetrate  the  sample.  Irradiation 
results  are  summarized  in  Table  13 .  Each  row  represents  a 
set  of  three  irradiations . 
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The  hole  diameters  and  the  penetration  depth  rates  have 
variations  of  0.3  mm  and  0.5  mm/sec  respectively  from  the 
mean  value  subtended  by  the  measurements  made  in  each  set  of 
three  holes.  This  is  due  to  the  slight  variation  of  the 
exposure  time,  which  is  on  the  order  of  1  to  2  seconds. 

The  following  table  presents  the  results  of  the 
experiment  conducted  in  March  1999  (Holes  1,2,3). 


Table  14.  Irradiation  of  Polyimide  Fiberglass,  March  1999 


Average 

Power 

(W) 

Average 

Intensity 

(kW/cm2) 

PRF 

(MHz) 

X 

(*im) 

Spot 

radius 

(mm) 

Airflow 

(mph) 

Penetration 

Depth 

Rate 

(mm/sec) 

1 

9 

37.4 

4.825 

0.87 

NO 

0.28 

2 

9 

37.4 

4.825 

0.87 

NO 

0.90 

3 

10 

37.4 

4.825 

0.87 

NO 

1.1 

The  above  results  have  the  same  irradiation  parameters 
with  those  of  runs  7,8,  and  9  of  Table  13  except  for  the  PRF 
and  the  wavelength.  Comparing  run  1  of  Table  14  (the  only 
one  to  be  irradiated  until  burn  through)  with  runs  7,  8,  and 
9  of  Table  13,  it  appears  that  the  shorter  (X^=3.1  |Jm) 
wavelength  combined  with  the  lower  PRF  is  much  more 
effective,  resulting  in  500%  higher  penetration  depth  rate. 
The  lower  PRF  apparently  causes  more  damage,  since  it 
results  in  more  energy  per  pulse  for  the  same  pulse  length. 
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The  presence  of  airflow  resulted  in  15%  bigger  hole 
diameter  and  penetration  depth  rate  than  those  attained 
without  air.  The  larger  spot  size  irradiations  conducted 
with  500  W  average  power  (runs  16  to  21),  caused  3.5  times 
higher  penetration  depth  rate  than  the  ones  conducted  with 
100  W  (runs  4  to  9)  ,  even  though  both  were  at  the  same 
intensity  level.  This  could  be  because  the  larger  spot 
allows  material  to  exit  the  region  quicker,  or  because  the 
larger  spot  better  meets  the  thermal  diffusion  requirement 
discussed  in  Chapter  III. 

The  damage  pattern  of  runs  16  to  21  is  not  circular  as 
expected  but  somewhat  elliptical,  which  is  very  clear  in 
Figure  38  to  Figure  41,  which  present  a  closer  view  of  the 
damage  caused  by  the  irradiations . 
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Figure  34.  Polyimide  Fiberglass  Run  12. 


Figure  35.  Polyimide  Fiberglass  Run  15. 
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Figure  37.  Polyimide  Fiberglass  Run  5. 


Figure  36.  Polyimide  Fiberglass  Run  8. 
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Figure  39.  Polyimide  Fiberglass  Run  20. 


Figure  38.  Polyimide  Fiberglass  Run  18. 
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Figure  40.  Polyimide  Fiberglass  Exit  Hole  Run  18. 


Figure  41.  Polyimide  Fiberglass  Exit  Hole  Run  20. 
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In  all  cases  a  raised  lip  of  melted  material  is 
observed  around  the  face  of  the  entrance  hole.  The 
dimensions  of  the  lip  are  approximately  0.2  mm  in  height  and 
lmm  in  width.  However,  when  airflow  is  present  the  lip 
tends  to  be  smaller,  possibly  because  the  airflow  removes 
the  debris  and  the  evaporated  material  that  actually 
contributes  to  the  formation  of  the  lip.  This  would  explain 
the  bigger  diameter  of  the  holes  made  in  the  presence  of 
airflow,  since  the  diameter  is  measured  from  the  inside  part 
of  the  lip. 

The  charred  region  extends  approximately  2mm  around  the 
lip  when  there  is  no  airflow.  With  airflow  this  area  is 
much  smaller.  The  charred  region  around  the  exit  hole 
extends  to  1  to  1 . 5  mm  in  all  cases,  as  the  backside  of  the 
sample  was  not  exposed  to  the  airflow.  As  the  exposure  time 
is  increased  the  radial  extent  of  the  damaged  area  is 
increased  and  more  melted  material  was  deposited  around  the 
hole.  After  the  irradiation  stopped  there  was  a  period  of 
almost  3  sec  that  the  material  is  still  hot  and  melting. 
The  airflow  tends  to  increase  the  rate  of  cooling  of  the 
material,  decreasing  the  material  was  hot  and  melted  almost 
in  half,  and  resulting  in  less  melted  material. 

Investigation  with  a  microscope  reveals  that  there  is 
no  evidence  of  melted  or  rehardened  material  inside  the 
holes.  It  is  also  evident  that  the  damage  is  most 
significant  in  the  center  of  the  hole,  diminishing  radially 
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outward,  which  supports  expectation  of  a  Gaussian  shape  of 
the  laser  beam  intensity. 


after  irradiation,  is  shown  in  Figure  42 


Figure  42.  F2  Epoxy  Sample, 


Table  15.  Irradiation  of  F2  Epoxy. 


Run 

Average  Intensity 

Time 

Penetration 

Number 

(kW/cm2) 

(«) 

Depth  Rate 

(mm /A 

1 

9 

11 

0.10 

2 

9 

6 

0.12 

3 

9 

3 

0.10 

In  each  case,  it  appears  that  the  F2  Epoxy  was 
completely  penetrated,  and  the  damage  of  the  foam  backing 
had  begun,  but  had  not  been  completed.  The  videotape  showed 
flames  engulfing  the  upper  portion  of  the  sample  and  Figure 
42  shows  the  black  charred  area  extending  to  the  edge  of  the 
sample.  Significant  charring  was  evident  when  the  sample 
was  viewed  with  the  optical  microscope.  This  charring  was 
very  similar  to  the  Polyimide  sample.  There  was  also 
evidence  of  some  melting,  but  not  as  much  as  occurred  in  the 
Fused  Silica  sample.  The  holes  appear  to  be  filled  with  the 
charred  debris  of  the  polyurethane  backing,  making  hole 
depth  measurements  difficult  and  rendering  penetration  depth 
rates  unreliable.  Figure  43  to  Figure  45  show  the  details 
of  runs  one  through  three. 
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Figure  43.  Close-Up  of  Damage  of  F2  Epoxy  Run  1 


Figure  44.  Close-Up  of  Damage  of  F2  Epoxy  Run  2. 
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Figure  45.  Close-Up  of  Damage  to  F2  Epoxy  Run  3. 

The  damaged  region  extends  to  a  diameter  of  11.3  mm  for 
run  one,  7.5  mm  for  run  two,  and  5.2  mm  for  run  three. 
There  is  a  lip  around  each  of  the  holes,  but  much  smaller 
than  the  Polyimide  sample.  The  lip  for  run  one  was  0.05  mm 
in  height.  For  runs  two  and  three,  the  lip  was  too  small  to 
measure  with  the  optical  microscope  mechanism.  These 
measurements  indicate  that  as  dwell  time  increases  the 
radial  extent  of  the  damage  area  increases,  and  more 
material  is  deposited  around  the  edge  of  the  hole.  When 
airflow  is  added  to  the  test,  debris  may  be  removed  from  the 
hole  during  irradiation. 

b)  August  1999  and  September  2000 

The  sample  had  dimensions  11.5  cm  by  10  cm  and  1.5  mm 
thickness,  attached  to  a  1.6-cm  thick  polyurethane  foam 
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backing  (Figure  47)  .  In  Figure  46,  we  see  the  front  of  the 
sample  after  all  sets  of  irradiations.  Irradiations  with 
numbers  1,  2  and  3  were  those  conducted  in  March  1999. 
Irradiations  4  to  15  were  conducted  in  August  1999  and  16  to 
21  were  the  last  ones  conducted  in  March  2000.  Following  the 
same  procedure  as  with  Polyimide,  all  the  irradiations  were 
done  three  times  with  the  same  parameters  in  order  to  get 
more  accurate  measurements .  The  results  presented  here  came 
from  the  mean  value  of  the  three  measurements. 
Irradiations  7  through  12,  16,  and  17  were  done  with  no 
airflow  while  in  4,5,6,13,14,15,19,20  and  21  there  was 
airflow  present.  In  Figure  48,  we  see  the  backside  of  the 

sample  showing  that  all  of  the  10  kw  /  cm2  irradiations 
completely  penetrated  the  sample.  On  the  other  hand  the  500 

W  /  cm2  intensity  (runs  4  to  9)  did  not  penetrate.  However, 
they  caused  more  extensive  surface  damage  due  to  the  bigger 
spot  radius . 
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Figure  46.  F2  Epoxy  (Front  View). 


Figure  47.  F2  Epoxy  (Side  View). 
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Figure  48.  F2  Epoxy  (Back  View). 


The  presence  of  the  foam  layer  at  the  backside  of  the 
sample  made  the  measurements  of  the  exit  holes  diameter 
unreliable.  A  closer  caption  of  the  damage  is  presented  in 
Figure  49  through  Figure  54. 

Irradiation  results  are  summarized  in  Table  16.  Each 
row  of  the  table  represents  a  set  of  three  irradiations, 
conducted  with  the  same  characteristics. 


Table  16.  F2  Epoxy  Irradiations  Results. 
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Figure  49.  Close-Up  of  Damage  to  F2  Epoxy  Run  7. 


Figure  50.  Close-Up  of  Damage  to  F2  Epoxy  Run  5. 
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Figure  54.  Close-Up  Damage  to  F2  Epoxy  Run  15. 
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The  hole  diameters  have  a  variation  of  0.5  mm  from  the 
mean  value.  This  is  again  due  to  the  slight  variance  of  the 
exposure  time  of  the  irradiations,  which  is  on  the  order  of 
1  to  2  seconds .  With  the  presence  of  the  entry  hole 
diameter  decreased  by  10%  to  30%. 


Table  17.  Irradiation  Results  of  March  1999  Experiment  on  F2  Epoxy. 


Run 

Number 

Average 

Intensity 

(kW/cm2) 

PRF 

(MHz) 

X 

(pm) 

Spot 

radius 

(mm) 

Airflow 

(mph) 

1 

9 

37.4 

4.825 

0.87 

No 

0.10 

2 

9 

37.4 

4.825 

0.87 

No 

0.12 

3 

9 

37.4 

4.825 

0.87 

No 

0.10 

Table  17  shows  the  results  of  the  March  1999 
experiment.  Comparing  these  results  with  runs  10  to  12  of 
Table  16,  it  is  clear  again  that  the  X=3 . 1  |Jm  wavelength 

combined  with  the  lower  PRF  was  more  effective,  and  resulted 
in  six  times  higher  penetration  depth  rate. 

The  average  power  of  500  W  (runs  16  to  21) ,  resulted  in 
a  higher  penetration  rate  than  the  100  W  power  (runs  10  to 
15) ,  and  caused  a  slightly  elliptical  damage  pattern. 

Comparing  runs  10, 11,  and  12  with  runs  16,17,  and  18 
from  Table  16,  the  penetration  rate  for  the  larger  spot  size 
was  230%  greater  than  that  of  the  small  spot. 
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During  the  irradiation,  flames,  smoke,  and  debris 
covered  the  entrance  hole.  After  the  irradiation  stopped 
the  material  was  still  burning  for  almost  3  seconds,  which 
caused  extra  charring  and  melting  of  the  sample.  When 
airflow  was  applied,  the  time  decreased  by  half.  The 
charred  region  extends  approximately  0.5  mm  around  the 
entrance  hole  with  airflow  present  and  1  mm  without  airflow. 
Examination  of  the  holes  with  a  microscope  revealed  more 
roughness  than  with  the  Polyimide.  This  was  probably  caused 
by  deposited  debris  and  charred  material.  The  Gaussian  beam 
caused  the  same  damage  pattern  with  the  Polyimide  sample, 
being  more  intensive  at  the  center  of  the  spot.  However  the 
penetration  rates  were  2  to  3  times  smaller. 
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VI .  CONCLUSIONS 


This  report  describes  the  first  measurements  of  laser 
damage  on  missile  materials  from  the  newly  developed  TJNAF 
free  electron  laser.  The  report  consolidates  results  from 
material  damage  studies  and  contains  the  work  reported  in 
six  thesis  conducted  by  students  at  the  Naval  Postgraduate 
School  [Refs:  1  through  6] . 

A.  SCALING 

The  TJNAF  FEL,  which  is  capable  of  several  hundred 
watts  of  continuous  average  power,  was  used  to  simulate  the 
damage  from  a  MW- class  weapon  by  focusing  the  beam  to  a 
smaller  spot  size  to  increase  intensity.  The  eventual  goal 
is  to  develop  scaling  rules  that  will  reliably  predict  the 
damage  of  a  larger  laser  without  having  to  bare  the  enormous 
cost  of  building  the  large  laser  first.  The  experimental 
data  shows  that  the  scaling  concept  with  thermal  diffusion 
calculations  is  promising.  More  detailed  experiments 
varying  wavelength,  power,  and  spot  size  may  be  able  to 
produce  scaling  laws,  which  would  be  invaluable  for  future 
weapons  designers. 
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B.  FEL  PULSE  FORMAT 

The  extremely  short,  sub-picosecond  pulse  length  of  the 
FEL  beam  is  a  result  of  the  short  electron  bunches  formed  as 
they  are  accelerated  in  RF  cavities .  The  TJNAF  FEL  has  a 
unique  pulse  format  with  a  rapid  sequence  of  short,  powerful 
pulses.  The  peak  power  in  each  pulse  is  about  100  MW 
lasting  for  only  about  one-half  picosecond  coming  at  a  rate 
of  37  MHz.  Other  studies  have  shown  that  such  ultra-short 
pulses  may  give  as  much  as  a  factor  of  ten  advantage  in  the 
reduced  fluence  required  to  produce  damage  [Ref.  25] .  The 
experiments  conducted  for  this  report  began  to  collect  data 
intended  to  show  whether  this  advantage  exists.  The  results 
indicate  that  for  a  fixed  average  power  level,  a  lower  pulse 
repetition  frequency  with  the  corresponding  higher  power  per 
pulse  provides  a  faster  burn  through  rate.  This  is  probably 
because  the  lower  PRF  pulses  contained  enough  fluence  per 
pulse  to  immediately  vaporize  the  material  as  well  as 
raising  it  to  the  melting  temperature. 

The  experiments  also  show  that  the  requirement  for  the 
laser  spot  to  be  larger  than  the  thermal  diffusion  length  is 
a  valid  requirement,  and  that  the  burn  through  rate 
increases  dramatically  as  the  laser  beam  radius  to  thermal 
diffusion  length  ratio  moves  from  marginal  to  large.  If 
this  requirement  is  not  met  the  results  of  the  experiment 
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might  be  far  less  than  what  would  actually  occur  with  a  real 
weapon  size  laser. 


C.  FUTURE  EXPERIMENTS 

The  TJNAF  FEL  is  scheduled  for  an  upgrade  to  10  kW  of 
power.  This  increase  will  allow  more  flexibility  in  scaling 
experiments  and  further  tests  of  scaling  itself.  Additional 
experiments  that  include  weighing  of  the  samples  before  and 
after  each  run,  new  wavelengths,  changing  wavelengths  during 
irradiation,  new  pulse  formats,  and  other  sample  materials 
would  be  beneficial.  As  experimental  procedures  are  refined 
and  the  amount  of  data  increases,  a  more  thorough  analysis 
of  the  FEL  damage  results  and  comparison  to  other  lasers 
will  become  possible. 

When  higher  laser  power  is  available  in  the  future,  the 
same  irradiations  should  be  conducted  with  bigger  spot  radii 
in  order  to  compare  the  results  and  establish  a  scaling  law. 
It  is  suggested  that  thicker  samples  should  also  be  tested 
in  order  to  determine  if  the  penetration  rate  stays  the  same 
after  the  laser  beam  has  penetrated  the  material  a  few  mm. 
Samples  should  be  machined  to  be  no  larger  than  the  laser 
spot  so  that  thermal  diffusion  cannot  occur.  Also, 
machining  the  samples  to  resemble  the  nosecone  shape  may  be 
important . 
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Furthermore,  a  procedure  for  making  the  measurements  of 
burn  through  times  more  accurate  should  be  established,  as 
they  are  very  important  in  determining  penetration  depth 
rates .  From  the  analysis  of  the  results  it  appears  that 
there  is  a  strong  relationship  between  the  penetration  depth 
rate  and  the  laser  intensity.  When  the  intensity  changed  by 

a  factor  of  20  (500  W  /  cm2  —>  10  kW  /  cm2 )  the  penetration 
depth  rate  also  changed  by  almost  the  same  factor  in  both 
samples . 
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